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I, ABSTRACT 

/J-/ 9.0 
The prototype VU-50 HS cells are being completed and 10 have 

been delivered. These cells hove an energy capability of 18.5 w a t t  hours 

per pound. 

Coatimrcd study of the thin plate cells hae dciumxstrated their 

capabili ty to perfow w e 1 1  8t high rates 8ad 8180 t o  cycle continuougly 

i n  Q 35% depth routine, b u t  a8 pointed out in the Seventh Quarterly Report 

no sdvsntage is seen in the watt hour per pound c a p b i l i t y  of these cell8 

as compared to  the thicker plate standard line of cells. 

VO-6 Bs cells have so far been succeasfully cycled 1500 cycles 

a t  70% depth of discharge a t  77% and 1440 cycles at  50% depth of  dis- 

charge, a t  77 P. 
0 

Both cycle test8 are s t i l l  i n  progress. 

Charge effict .ncy studies at 77O t o  120%' shav that early 

i n  the charge the inefficiency of the negative electrode causes evolution 

of hydrogen me. 

temperatures. Studies were performed on the self-discbrge (oxygen 

This i o  particularly true a t  high charge rates and low 

evolution) rate of positive electrodes at  oeveral temperatures and after 

different  c b r e  rates. Also studied was the pressure Qcay in cells 

into which oxygen btid besn introduced a f t e r  charge at  several different 

rater. - 



The formation of the electrodes f o r t h e  50 AH hemeticalfy 

ssaled nickel-cadmiwo cell .  has been carpletado 

unwrapped end t h e  plakes clemnsd and dried, 

fluctuation bcrcause af individual cell characteriatfcor, both the  

positive arxi negative electrodes were randdeed before t h e  elec- 

The cell packs uere 

In osder t o  minimire 

tsQd8 sack8 bf8m fabxicated, 

Five cells --re aelected for t e a t h g  from t he  gsoup that 

uaa alsw sealed and checked for leakage, Electrolyte added 

t o  each before the ?f8lvea and pressure gauges were attached t o  the  

pinch tubes, Two of the  cella, NOS, lo3 and 104# were charged and 

overcharged at a C / b  rate for 4. l  hour80 After a four (4) hour 

8tand t i m e ,  t h q  were diecharged at the  C/2, 25 ampeses, rateo 

average capacity t o  loo volt  uaa 57.7 AoHo 

The 

The two cells uem then charged at a C/10 rate and main+- 

tained f o r  40,5 hours t o  insure t ha t  a steady state y ~ 8  established, 

The pressures for Nos, IC3 and104 were 47.5 p i g  and 5l05 m, 
sespectiwel;p., The ceU. voltage f o r  both w8a 1040 voltso To 

dertermine t he  effect of cycling, both were placed on a 100 minute 

cycle, They were discharged ab 2 0 , O  amprea for 36 Blinutea atxi 

charged at 1305 amperes for 64 minuteso 

svercharged at t he  C/lO rate for 23,3 hourso "he preaeuses for 

cell Noo 103 and cel l  No. 104 were 35,s paig and 4 L O  peig, respec- 

t iveu, while t h e  cel l  voltage for both was L38 volts. 

after 12 cgcles they were 

The two cells were discharged at the C/2 rate as sshown in 

The average capacity t o  boO volt waa 3805 q r e - h s u r s ,  Figure 1, 

The end of diecharge pressure for c e l l  Noo 103 was -10 inches gauge 



3 e  

aind t he  end sf diwhmge p r e e m  for cell No. 4 waa -20 inchets gauge. 

1Ln oPder t o  show the overcharge characteristics, t h e  two 

cells were placexi in an oil bath which was maintained at 25 2 Oo5'C. 

The cella were given a CiLO charge which was mintained fer 16303 home 

tQ i.n8ure steady state conditions. 

vol ts  and the avemge ce l l  pser~um waa 65.3 pig. 

then raieed to C I S  and maintained until a steady wtate wae obtainedo 

The average cell voltage was 1.43 volts while t h e  average c e l l  pwasure 

was 127 paig, This h f o m a t i m  is shown i n  Figures 2 and 3, 

The average celh voltage  we^) 1.42 

The current waa 

C e l l  Hose 105, 106 and 107 were charged and memhaq# 

at a C/lO rate for W.3 housrso They were then cycled under the 

G e r i i i t i m i 8  Gated &beiie, L e o  dische&?& at 29-0 ~ p e r 3 b  for 36 

xinutee and charging at  U95 amperne for 64 minutes, A t  t h e  end of 

cycle 12 charge the cell voltages and preaaures were recorded. 

a m  given in Table 1. I n  order t o  dete-e t he  effect of cycling 

on the  cell capacity, first the cells uere overcharged at  the C/lO 

rate for a 0 8  house, The cell voltages and presmwes are secerded 

in Tsble 1, 

Them 

Then a C/2 sa t e  discharge was conducted and the amrags 

Capacity to l o 0  Volts w a ~  5800 ap8r*hQUrso The a d  of disch-ge 

psessume (at 1.0 volt)  are given i n  Table I. 

The three cells were charged ChllLi overcharged at t he  C / l Q  

rate for 72 hourso 

L O  volt,5l0~ iilllpBre-fiOtlr8, I s  shown in figure 1, 

and pressuses immediately prior to E rate discharge and at %he end 

of discharge (at 1,O vol t )  are given in Table 1, 

A E rate discharge was conductedo The capacity to 

The c e l l  voltages 

The data prereented here &ow8 a consistency i n  cell perform8nce@r 

The capacity at t h e  C/2 rate diacharge for cebb Eoo 103 mid M o a  lobe and 

ceU. Noo 10% thmugh Mo, 107 show a differmcs of 0,5 anprg-I?ouse (0,S6$)o 



TABLE 1 

CHARACTERISTICS OF VO-50 HS CELLS 

C e l l  

v. 
Voltage 

End of Charge, Cycle 12 

Steady State values at C/IO 
Overcharge 

Aftez -  (& rate Discharge 
(at loo volt)  

S t e w  %ate Q d m n  at C / l a  
(hercharge 

A f t =  E Rate Discharge 
(at B,O volt)  

1-45 

l o  38 

l o o 0  

1.38 

lo00 

CELL #lo6 

Cell 
Voltage 
v o  -- 
1044 

le38 

1.00 

le38 

1.00 

V o  f 



The 

individual %eadingr. The ynall variatione indicate good uniformity 

in cell  voltages, The range in cell pressure8s is shown in Table le 

rate discharge, ehown in Figure 1, illustrates the range of 

The overcharge characteristics show a slope steeper than 

for a Vb20 HS nickd- -cmum cello 

Tesrt data for the three cell8 delivered ll/20/62 are ahown 

in Table 2, T e s t  data for the 7 ceulr; shipped l2/32/62 are shown 

in Table 3e 



0 '  I 

E 

1- 

- -  
! 



0 

100 
101 
107 

liL 
11 5 

I i 



I11 0 THIN mTE CELLS 

The V05X thin plate  cells have already been subjected t o  a 

series of tests, 

tics were given. 

were reported. 

report, the ce l la  were charged and overcharged a t  0,SA for  Q period of 

ten (10) days. 

1.40 vol ts  and the average cell pressure w a s  14.0 p.8.i.g. 

In the last quarterly report, the overcharge characteris- 

In addition the capacities et various g rate discharBes 

After the f ina l  C I 2  rate diecharge, indicated i n  the 

The average cell voltage a t  the end of the overctzare was 

The thin plate  cells were then put on 90 minute cycling, They 

were discbarged to a 35% depth at 3.0 amperes for 35 minutes, 1.75 A,H,,, 

and chrged  (115%) at  2.19 aqeres for 55 minutes, 2.01 A.H, 

1012 cycles have been canpletcd. Table 4 shows the average cell voltages 

a t  the beginning and the end of discharge as w e l l  as a t  the begigning 

and the and of charge far seweral cycles. 

charge pressures are recorded at these cycles. 

the end of dischargp voltage bas slowly decreased with cycling. 

To date 

In addition, the end of 

It w a s  obsezved that 

TABU 4 

CELL CEARACTEBISTICS FOB THE V05X AT VARIOUS CYCLES 

Discharge Charge End of Charge 



IV . EL'1;CTRICiiL P3RFON;iANCE OF VO-6 HS CELLS 

c Y c l  i n g  

The f i v e  experimental VO-6 HS type  ce l l s  which had 

been cycled 800 times were placed back on cyc le  a f te r  a capac i ty  

check, 

7.2 anps o r  a 70$ depth o f  capaci ty  followed by a 55 minute charge 

a t  5*5 aaps  o r  a 20% overcharge, 

The 90 minute cyc le  c m s i s t s  of a 35 minute discha=.ge a t  

A t  about t h e  850 th  cycle  one of t he  c e l l s  was observ5d 

t o  e x h i b i t  a decreasbg end of dischirge voltage and a si ls ing 

end of charge vol tage,  This continued with inc reas ing  magnitude. 

A t  t h e  926th cyc le  t h i s  cell ind ica ted  a shor t  and it was removed 

and disassembled f o r  f a i lu re  ana lys i s .  The s e p a r a t o r  was very 

d ry  and t h e r e  was a s h o r t  burned through t h e  s e p a r a t o r  a t  one 

of t h e  cornerso  At t h e  960th cycle  another  c e l l  s i m i l a r l y  f a i l e d ,  

The remaining three  c e l l s  have completed over  1500 cyc le s  

and t h e  end of  charge vol tages  average 1,57 and t h e  end of  d i s -  

charge vol tages  average 1,00, A change i n  charge cu r ren t  of .O5 

amps was de tec ted  and corrected s o  t h a t  t h e  end of discharge 

v o l t a g e s  should r e t u r n  t o  the  1,04 v o l t s  which i s  t h e  usual l e v e l  

f o r  t h i s  cycle,  

Another set of VO-6 HS c e l l s  has been on automatic cycle  

s i n c e  August 20, 1962, a t  ;1 50% depth of discharge and a 90 minute 

cyc le ,  Thfs  cyc le  c o n s i s t s  of a 35 minute discharge a t  5.15 

amps and a 55 minute charge a t  3.86 amps OF an 18;; overcha:?ge. 

A t y p i c a l  p l o t  of cyc le  #lrP40 i s  shown i n  F igure  bo 
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A p l o t  of t h e  average end of charge vol tages  and end 

of discharge  vo l t ages  VS. cycle number i s  shown i n  Figure 5 @  

The f l u c t u a t i o n  i n  end of discharge voltage a t  t h e  becinning 

was due t o  i n s t a b i l i t y  i n  t h e  cyc l ing  cu r ren t .  

depth of  cycle ,  only 18;; overcharge i s  necessary to maintain 

an  end of discharge vol tage  above 1,OO v o l t s ,  ins tead  of 29% 

overcharge, it i s  a l s o  more c r i t i c a l  t o  maints in  the c u r r e n t  

constant.  A drop of  O,O6 amps on charge means ;i change f r D m  

18,; overcharge t o  16s overcharge which i s  n o t  enough, 

Since a t  t h i s  

If the 

overcharge i s  increased above 18:: t o  allow a greater s a f e t y  

factor ,  t h e  end of charge voltages are  higher ,  It is des i rous  

t o  maintain the lowest p r a c t i c a l  charge cu r ren t  t o  keep t h e  

pressure  low without  l o s i n g  capaci ty ,  



V" CXiQGE EFFICIENCY STUDIES 

me cbuge efffciency of nicbcl-eadmLm cells has always 

been less at low temperaturas ( lea8 than 6O0P) sad elevated tempratume 

(more t u n  8OoP) than a t  room ambient temperatures (70° t o  8OoF), Since 

recent work on self-discharge processes of the pasitive electrodes show 

these t o  be strongly temperature dependent', one poseibls explanation 

of the htgh temperature efficiency pbnmenon is simply t h a t  the post- 

tivea can not be adequately charged. 

*'e e~kazge afficia=cy at hO*Get tmpratuzes, OP the ether 

hand, apge8rs to  be dependent upon the negative electrode. wlwa cells 

are cherged at l ow temperatures, hydrogen is  frequently found. This 

implies a passivation of the negattve electrode and 8 e w t m t s  for our 

previous ob8enr.t ion ., 
0 

When current is pcrsoed through R cell an electrode process must 

occux a t  each electrode. 

accounts for the simltaneous electron flow in the external circuit and 

ion f l o w  between the electrodes. If we let this current be denoted as 

i, then each process that occurs at an electrode occurs a t  a rate which 

pry be written as ip ,  where the p denotes CLLL electro-chemical process. 

Imtance, a t  the  positive electrode there is an oxidation of nickelous 

"hie process, which is a charge transfer process, 

For 

hydroxide during charge, 
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end there may be a airmftaneoura oxidaeiorr of hydroxyl io- to yield 

oxygen, 

-E-2€i20 f e- ¶ & 0 

Since i +DD hn -t +,, the rate of oasyapn fogmatien is a charge 

imf f fclem-p 

Whfle the reactions given by equations 1 and 2 ar@ 8n 

adequate heuristic ~epresentatfon they do not eoavey a11 that is known 

about the charge processes. For imtance, evidence kss been obtshed 

for the existence of several h i e s  oxides uf Hi. 152  he overcharge 

reoction may not simply be e& oxidation of hydroxyl ions, but it 

may equally well be that the K ~ C ~ E  of self-discharge of the higher 

oxides of N i  is very great and the 

by the charge currant. 

oxide electrode charged et aemosphsrfc pres8ure does not exhibit 8 

voltage s t e p  at the eed sf charge. Thia absence of a voltage s t e p  

is not inconsistent wi th  the explanation of a regid self-discharge i n  

decampositi~n rates are determined 

Consider for bp mcmerat the fact that a nickel 

the dumain of overcharge. 

apparently temperature dependent, Chis theory would help account for  

8 decreuse i n  charge efficiency of posieive electrodes at elevated 

temperatures. 

Since the sapid self-discharge processes are 

In 8 similar way, the negative electrode may decrease i t 8  

Eeuristically efficiency at lowar eenperatuoes for another reason. 

we may consfder the chsrge reactions as follows: 



The eharge effieieoey of the negative eleetrode ( a t  eonstant i) is 

therefore defined by the expression h d t l i d t .  The CdrCd(OU)2 electrode 

exhibits a voltage s tep during charge at atmospheric p r e s ~ u r a . ~  At this 

polnt elemental hydrogen is produced. 

c027e6pOading change i n  process is termed passivation of the eleetrode. 

The pamlratiun of the Cd/Cd(OH), arrives e a r l i e r  when the ehaxge rate 

is iasreased, and when the temperature is decreased. 

This s t e p  in voltage with i ts  

Studies of the  charge efficiepeier are of importame i n  

evaluating the theorier, which i n  turn w i l l  enable one t o  make improve- 

ments i n  charge efficiencies.  

poLnt a t  which pressures i n  sealed cells s t a r t  t o  change and the identi- 

f ieat ion of the gases i n  the atmosphere above the electrodes are used t o  

determine the onset of the competitive reactions io and iH whieh glpc rise 

t o  the observed inef f icieasiee. 

In the work about t o  be desertbed, the 

Eight laboratory type 6 AH niekel-cadmium sealed cells equipped 

The cells were with &rsh pressures gauges were prepared (See Figure 6 ) .  

then given four s tabi l icat ion cycles as  follows: 

5 r g e  of 0.6 A for  20 hours (12 AH input) 

Disaharge a t  3 A t o  1.0 vo l t  
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The sells  were ehen placed i n  constant teznparature baths at 77 , 0 

30°, 1OQo and 12OoP. 

O,QA (C/lO), 1,s 'f6/5), aA <C/2) snd 6A (42) 

The charges were taken either t o  150 psig or steady s ta te  pressure. 

ehe eharge, pressure versus time data were taken, 

i n  ea& eel1 were eolleeted and eeseed €or hydrogen or oxygen, 

was then stopped; the eel18 were evacuated (while remaining in their 

respeetive temperature baths) and the pressure rise with tLme: was measured. 

Following t h i s ,  the cella were grouped and charged a t  e a t  eaeh temperaburs given above. 

During 

In addition, the gams 

?%e ehiirge 

Following these determfnations, the cell pressure wab raised 

to 50 psig with oxygen, 

were measured. 

Thereafter the ehangee i n  cell pressure with time 

A t  the eompletion of a t e s t  aeries (sharge, stand for self- 

dimbarge and pressure deeay after pressurization to 50 paig 021% eaeh 

eel1 was discharged at 3A to 1.0 v o l t  for capaciey. 

In Figures 7-10 we have plot ted  presaure chaage versus eharge 

input for the ce l la  a t  the various fihetgst wrrenes end tenperamres, 

data indicate, that in general, as %he eharge emcent is  increased, the t=e138 

tend to gas st progressively lower inputs, 

currents (0.6 and 1,2 amperes), the gas in  the c a l l  was oxygen, 

Furthermore, a t  low charge 



kwhile a t  high charge currents (3,O and 6.0 mpree), hydrogen was present In large 

quantities. Under the! experimental conditions, oteady-state pressures w e r e  

rerched only with the lower currents, aomely C/10 and C/5. 

the highcr currents, hydrogen w a s  formed early in the charge, indicating 

passivation of the negatives, and the pressure increased citardily to the 

However, a t  

gauge rirsit of 150 psi. 

The umpere-hour inputs a8 a function of charge current are shown 

in Figure 11, A t  lar charge rates there ia a slight iri charge 

input required to produce &os as the temperature I s  t8ised. 

The selfodiseharge curves of the various cells aftsir charge 

interruption under the condition8 of t h i s  experiment are shown in Figures 

12-15 in term of oxygen preaeure. 

that the pressure in each case rises relat ively rapidly t o  a given level, 

An examination of these curves show6 

pUttcuur at th is  level 8nd then decay60 

tend t o  increase with Lncraraixq eemperature and charge current, while the 

dwell time at tbe plateau decreases with incre8aiag temperature. 

The inittat r8tea of pressure rise 

Pressure deay curves for the experimantaal cells a t  the four 

temperatures and four corresponding charge rates are sham in Figures 16-19, 

There is a tendency for  fas ter  decay a t  elevated temperatures, and the apparsnt 

slower recanbination rate 8s the charge rate increase6 is probably due t o  

the fact that 8 f t e r  a higher rate ctrarp,oxygen is being released at  8 

higher rate and offsets  soas of the pressure decay cbnracteristic. 

%he cell crrpacitfes obtained a f t e r  discharge 8t 3A t o  1 , O  vo l t  

eire listed i n  Table S 

- Charge Current 
Amperes 77 - 

0 -6 6.6 6 .9  6.4 
H .2 6.6 7 .O 6.7 
3 .Q 7.4 7 03 6 e 4  
6.8 7.5 7 .a 6 , 3  

~ ~~ 

6 .I 
6.4 
6 "5 
6.3 
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Charge efficiencies of less than unity raay be due to  (1) 

ehe oxidstion of water a t  tk pooitive to form oxygen, OT an equiva- 

lent electrochemical reaction (2) the reduction of water at the negative 

to yield hydrogen, as given above by equations 

(2) 40H0 _.a_ 2%Q + 02 + 4c- 8ad 

(4) 2 ~ 2 0  + 2e- + 2 O f + H 2  

bring the charging of the  cells in the experimental scheme, koth reactions 

wre in evidence as shown by the t e 8 t s  for hydrogen 8nd oxygen (see 

F i w a r r  9-11). At high chars rate8, hydrogen was always formed at  

II) point during the c b r w  when the input was less than the rated cell 

Capacity. 

temperatures is prizerrrily due t o  a charge efficiency of less than unity 

Therefore, it is seen that l o w  efficiency, even a t  elevated 

a t  the negative electrode,, The ps ie ive  electrode, a t  these re lat ively 

hi@ charge rates must then be significantly more e f f i c i en t  than the 

nqptiare. f f  the positive w a s  significantly less e f f i c i en t  than the 

neepeive, the evolved oxygen would travel to the negative and depolarize 

A t  by reaction with hydrogen t o  form water. 

The difference in charge eff ic iencies  between the positive 

and negative electrodes indicated by Figures 7-11 is again suggested 

upon examination of Figures 12-15. 

(oxygen evolution) rate w i t h  charge rate and teqerature 

There is an increase Ln sePf-dischmg& 

tns -5xwitive?a. 

This causes the capacities of t h e  positives to reach a inaxPHMn, Therefore, 

the higher charge rates do not result ia a more efficient chum, 

m e  self-dioch8rge processes imolved are the fast processes which have 
hdelE-times of 8 minutes a d  150 mhutes, agprox.hate&y, There is no 
e x p e r h n t a l  evidence for a fsater self-diachatge of EIW%S, and, i n  
our opinion, OQ such Evidense w i l l  ever be found. 



It is w e l l  known Chat t h e  decay c h a r a c t e r i s t i c s  o f  

each cell d i f f e r ,  possibly because of s u r f a c e  factors. F u t h e r -  

more, t h e s e  surface f a c t o r s  appear t o  change with each ch i rge .  

In  s p i t e  of the  inherent  s c a t t e r  i n  t h e  da ta ,  no correl- a t i o n  

is found between chwge r a t e  and pressure decay (Figures  16-19). 

This i s  n o t  an unexpected r e s u l t ,  

S ince  t h e  c e l l s  were charged a t  t h e  low rates to 

steady state oxygen pressure and a t  t h e  high rates t o  150 psig 

hydrogen pressure, t h e  charge input  i n  each case was d i f f e r e n t ,  

Cmsequently,  c e l l  c a p a c i t i e s  a f t e r  3~ discharge t o  1.0 v o l t ,  

as  Eiven - i n  Table I, afforded no inforrn::tion t ; i th  regard t o  

c e l l  e f f i c i e n c y ,  a l though i t  may be seen t h a t  at 77OF, t h e  

c a p a c i t i e s  i nc rease  a t  the high charge r a t e s .  

b e n e f i c i a l  e f f e c t s  of t h e  higher charge rates ire lost ds 

t h e  temperature i s  increasedo 

However, the  
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The balance o f  t k e  V3-50 HS c e l l s  w i l l  be coxpleted 

and de l ivered ,  

The cyc l ing  of V0-6 HS c e l l s  t o  50 and 70$ depths  

of discharge w i l l  continueo 

Charge e f f ic iency  s t u d i e s  will continue and w i l l  

include:  

1, Cold t e n p e m t u r e  charge t e s t s  w i l l  be c a r r i e d  

out  a t  temperatures of -lp8 Oo, 25' and 5O0Fo 

The t e s t s  w i l l  be performed under t h e  fol lowing 

charge c m d i t i o n s  : 

a,  Constant cu r ren t  

bo Constant p o t e n t i a l  

2, 

These methods r equ i r e  some explanat ion,  In  t h e  

cons tan t  cu r ren t  method, the cu r ren t  w i l l  be s e t  low enough 

t o  p r e Y e n t  excessive pressure buildup i n  t h e  c e l l s .  There- 

fore,  t h e  charge r a t z s  will be se t  a t  C/10, C/20  and C/4OO 

dhen employing a constant  p o t e n t i a l  ch-lrge, t h e  cur ren t  de- 

creases w i t h  time asymptot icdl ly  t o  some f i m l  value which 

may permit overcharge accampanied by l o w  c e l l  ? r e s su reo  

obta in  an i n d i c a t i o n  of t h e  maximm safe charge p o t e n t i a l ,  

constant  po ten t i a l  charges will be c x r i e d  out  a t  1-45, 

l,5O, 1.55 and 1060 v o l t s .  

s i g n i f i c a n t  use i n  applying thnse sealed c e l l s  t o  s j t e l l i t e  

a p ;.J. i c :i t ion  s 

To 

This  l a t t e r  i n f o r m z t i m  w i l l  be of 
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The following s t a f f  personnel worked on this 
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